The Gini-Simpson quadratic index is a classic measure of diversity, widely used by ecologists. As shown recently, however, this index is not suitable for the measurement of beta diversity when the number of species is very large. The objective of this paper is to introduce the RichGini-Simpson quadratic index which preserves all the qualities of the classic Gini-Simpson index but behaves very well even when the number of species is very large. The additive partitioning of species diversity using the Rich-GiniSimpson quadratic index and an application from island biogeography are analyzed.
INTRODUCTION
Measuring the diversity of species in a habitat has been an important area of interest in fields such as conservation biology, ecology, and biogeography for the last several decades [1] . Let us assume that there are n species and let: 
be the relative frequency distribution of these species in the respective habitat. There are three classic measures of diversity: a) The number of species, or richness: n ; b) The Gini-Simpson quadratic index (abbreviated in this paper as GS ):
introduced by Gini [2] and adapted for biological studies by Simpson [3] ;
c) The Shannon entropy (abbreviated as H ):
introduced by Shannon [4] , as the discrete variant of the continuous entropy defined by Boltzmann [5] in statistical mechanics. There is an extensive literature [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] about the properties and applications of these measures of diversity. When the number of species n and the relative abundance of species (1) are the only sources of information available, many other measures of diversity have been proposed. Recently, Jost [18, 19] , r N is not defined because the denominator of the exponent, r  1 , is equal to zero. However, the limit of r N when r tends to 1 is ) ( exp H . For 2 = r we get ) 1/(1 GS  . In fact, the natural logarithm of (4), i.e. r N ln , is just Ré-nyi's entropy [21] . There are no sound reasons to call (4) a "true" measure of diversity. It is simply a unifying notation, as mentioned in [20] . Besides, by performing mathematical transformations on classic measures of diversity, like taking the exponential of the Shannon entropy or the reciprocal of the Gini-Simpson quadratic index, for example, we obtain other measures that lose, however, some essential features of the original measures, such as concavity, for instance. Concavity is an essential property of any measure that can be used in an additive partitioning of species diversity. Hoffmann and Hoffmann [22] are right when asking: "Is there a 'true' measure of diversity?" As noticed by Ricotta [23] , there is a "jungle of measures of diversity" in the current conservation biology literature. Under the circumstances, perhaps the best strategy is to remember Occam's razor and, trying to keep things simple, it may be easier to just go back to the classic measures of diversity mentioned before and see how they can be adjusted to address new problems under new circumstances.
The species richness n is very simple but ignores the abundance of species. Shannon's entropy has excellent properties but is difficult to estimate and maximizing it subject to linear constraints, generally gives a solution satisfying exponential equations which cannot be solved analytically. On the other hand, the Gini-Simpson quadratic index is simpler and generally seems to be preferred by ecologists. Jost [18, 19, 24] , however, noticed a troubling anomaly related to GS . Indeed, if this measure is used in the additive partitioning of species diversity, the corresponding beta diversity approaches zero when the number of species is very large. Thus, for two habitats with no species in common, for instance, the between-habitat diversity tends to zero when the number of species in one of the habitats, or in both of them, tends to infinity, instead of becoming larger as is obviously the case in actual fact.
The objective of this paper is to show that the anomaly just mentioned can be easily fixed. The product between the species richness a) and the measure of diversity c), called here the Rich-Gini-Simpson quadratic index and abbreviated as RGS , preserves all the basic properties of GS and behaves well when the number of species is large. Therefore, RGS is suitable for use in the additive partitioning of species diversity. Subsequently, the RGS index is applied to data on the avifaunal diversity on several tropical Indian Ocean islands, using some of the numerical results obtained by Adler [25] , in order to show how the alpha, beta, and gamma species diversities change when the usual equal weights for the various habitats are replaced by the relative areas and the relative elevations of the respective islands.
THE RICH-GINI-SIMPSON INDEX
If there are n species in a certain habitat and their relative abundance is given by (1), the Rich-Gini-Simpson quadratic index is
The concavity of RGS and the maximum value of RGS are analyzed in the Appendix. Thus, we have:
, the maximum corresponding to the uniform distribution:
, the maximum value of GS is n GS p 1/ 1 = max  , corresponding to the uniform distribution as well. The essential difference between these two indexes is that GS is bounded by 1 and tends to 1 when the number of species n tends to infinity, whereas RGS is not bounded and tends to infinity when the number of species n tends to infinity. Shannon's entropy, on the other hand, has the maximum n H p ln = max , which tends to infinity when the number of species n tends to infinity, but it increases much much more slowly than
Pleading against the use of the GS index, Jost [24] gave the following example: "Suppose a continent has a million equally-common species, and a meteor impact kills 999,900 of the species, leaving 100 species untouched. Any biologist, if asked, would say that this meteor impact caused a large absolute and relative drop in diversity. Yet GS only decreases from 0.999999 to 0.99, a drop of less than 1%". Jost concluded that: " [The] ecologists relying on GS will often misjudge the magnitude of ecosystem changes. This same problem arises when Shannon entropy is equated with diversity. In contrast,  2 N drops by the intuitively appropriate 99.99%". This example shows that there is indeed a troubling anomaly in using GS when the number of species is very large. But RGS has no such a drawback. Indeed, if before the cataclysm there are 1,000,000 = n equally abundant species, then: 
THE ADDITIVE PARTITIONING OF SPECIES DIVERSITY USING RGS
MacArthur [26] pointed out the need for a theory of within-habitat and between-habitat species diversities.
Identify applicable sponsor/s here. (sponsors) He, together with Recher and Cody [27] , proposed a measure of the difference between the species diversities of two habitats based on Shannon's entropy and using equal relative weights for habitats. This measure was also used in the influential book "The theory of island biogeography" by MacArthur and Wilson [28] . Rao [29] , without mentioning the paper [27] , extended the measure of the difference between the species diversities of two habitats, based also on Shannon's entropy but using arbitrary weights assigned to the two habitats. Whittaker [30, 31] proposed linking diversity components between ecological scales by multiplication so that the gamma diversity, measuring the species diversity in a larger region consisting of several ecological communities taken together, is the product of the alpha diversity, which measures the mean species diversity in the local communities taken separately, and the beta diversity, representing the variation and changes in mean species diversity in a larger region which contains the local ecological communities taken together, as a whole. The beta diversity essentially measures the biogeographic changes in species diversity among various locations within a larger region. As such, the beta diversity can be important in leading to the development of geographic strategies for the conservation of species and habitats, as mentioned by Harrison and Quinn [32] . Routledge [33, 34] developed Whittaker's approach. Allan [35] applied an additive linkage of species diversity components according to which the gamma diversity is partitioned into the sum of the alpha diversity and the beta diversity, using the Shannon entropy. Lande [36] dealt with an arbitrary number of habitats and arbitrary weights, using the Shannon entropy, and extended this approach to species richness and to the Gini-Simpson index, recommending the additive partitioning of species diversity as a unifying framework for measuring species diversity at different levels of ecological organization. As mentioned by Wagner, Wildi and Ewald [37] , in contrast to the multiplicative model, by using the additive partitioning, all species diversity components are measured in the same way and expressed in the same units, so that they can be directly compared. Recently, it was pointed out that the additive partitioning of species diversity is an old idea which shows a new revival. According to Veech, Summerville, Crist and Gering [38] , "Lande [36] appears to have been the first to place the additive partitioning of species diversity in the context of Whittaker's concepts of alpha, beta, and gamma diversities  Viewing gamma diversity as the sum of alpha and beta diversities leads to the most operational definition of beta diversity and quantifies it in a manner comensurate with the measurement of alpha and gamma diversities. In effect, the revival of additive diversity partitioning has given new meaning to beta diversity".
As 
be the relative frequencies of the species from 1 h and 2 h , respectively. We have:
In general, the beta diversity is the average between-habitat diversity, whereas the alpha diversity is the average diversity of the individual communities or the average within-habitat diversity. Using the additive partitioning of the species diversity, the gamma diversity is the sum of the alpha and beta diversities, or the average total diversity. . We use these weights to calculate the average within-habitat species diversity, i.e. the alpha diversity, and the average relative frequency of the species used in the total species diversity of a larger region that includes the two individual habitats, i.e. the gamma diversity. If the two weights are equal, namely 1/2 = = 2 1   , then the average is just the arithmetic mean. These weights, however, may represent the relative areas or the relative elevation of the two habitats, or any other quantitative characteristics of the habitats that can affect the diversity of the species. In this context, alpha diversity refers to the average species diversity in the two habitats 1 h and 2 h , taken separately, gamma diversity refers to the species diversity in the habitats 1 h and 2 h , averaged together, whereas beta diversity represents the average between-habitat species diversity as we move from the individual habitats 1 h , 2 h , averaged separately, to the larger region containing the union of 1 h and 2 h , averaged together. We now use RGS to calculate the alpha, gamma, and beta species diversities. Denote by:
in which case the alpha diversity is:
. The concavity of RGS allows the additive partition of species diversity, and the beta-diversity is:
If both habitats contain the same species, then J I = , which implies
, and the beta-diversity has a simple expression:
Clearly, if both habitats have the same species and the same abundance of these species, namely
. If the two habitats have no species in common, then   = J I , 2 1 = n n n  , and the beta-diversity is: 
which tends to  if 1 n tends to  or / and 2 n tends to  . Remark 1. The generalization of the results from this section to the case of an arbitrary number of habitats m h h , , 1  is straightforward. Remark 2. As mentioned by Lande [36] , the ratio between the alpha diversity and the gamma diversity may be used as a similarity index, denoted here by Sim .
Arguing against the use of the GS index and the additive partitioning of species diversity, Jost [19] discussed the following example: "Suppose a continent with 30 million equally common species is hit by a plague that kills half the species. How do some popular diversity indices judge this drop in diversity?  The Shannon entropy only drops from 17.2 to 16.5; according to this index the plague caused a drop of only 4% in the 'diversity' of the continent. This does not agree well with our intuition that the loss of half the species and half the individuals is a large drop in diversity. The Gini-Simpson index drops from 0.99999997 to 0.99999993; if this index is equated with 'diversity', the continent has lost practically no 'diversity' when half its species and individuals disappeared". Instead of GS and H , Jost proposes the use of ) ( exp H , which in his example has the value: 30000000 = 30000000) ln ( exp = ) ( exp H before the plague and: 15000000 = 15000000) ln ( exp = ) ( exp H after the plague, corresponding to a loss of 50% in diversity. However, as ) ( exp H is not a concave function, the additive partitioning of species diversity cannot be used and should be replaced by the multiplicative partitioning of species diversity as Whittaker [30, 31] and Routledge [33, 34] proposed. The situation, however, is not as hopeless as it may seem to be. In fact, it is not really hopeless at all. The additive partitioning of species diversity, so popular with some ecologists because it allows the alpha, beta, and gamma diversities to be measured in the same way and be expressed in the same units so that they can be directly compared, may in fact be preserved but GS has to be replaced by RGS . Thus, in the case just mentioned: 29999999 = 1 30000000 = 1 =   n RGS before the plague and: 14999999 = 1 15000000 = 1 =   n RGS after the plague, corresponding to a loss of 50% in diversity, in total agreement with common sense.
Example: If there are 30,000,000 species uniformly distributed in habitat 1 h and 15,000,000 of these species are uniformly distributed in habitat 2 h , then, using the equal weights 1/2 = = 2 1   and the GS index, we obtain: , 0.99999997 = 30000000
which show almost no difference in species diversities. Also:
which shows that the between-habitat species diversity is practically zero, in contrast to the fact that 1 h has a much higher species diversity than 2 h . The similarity index is:
. h with respect to 1 h , contrary to common sense. Also: 
showing a decrease of 50% in species diversity in 2 h compared to 1 h , in complete agreement with common sense. Also: 
which show that the average between-habitat species diversity is 25% of the average total species diversity, whereas the average within-habitat species diversity is 75% of the average total species diversity. However, there are similarities between the two habitats, in the sense that 2 h contains half of the species of 1 h , there are no species from 2 h that are not found in 1 h , and both 1 h and 2 h have their species uniformly distributed. These features make 2 h somewhat similar to 1 h . Using RGS , the similarity index is: 0.75. h contains only one species 1 x and habitat 2 h contains only one species 2 x , then, obviously:
APPLICATION
There are many discussions of the role and applications of the measures of species diversity in biogeography (for instance, [15, 35, [39] [40] [41] [42] [43] ). For example, MacArthur and Wilson [28] analyzed the impact of factors such as island area and the distance between the island and the mainland on the species diversity found on various islands. Some of the findings of this classic study were also applied to the study of habitat islands and nature reserves, as well as real islands, surrounded by the sea [43] [44] [45] . When MacArthur, Recher and Cody [27] introduced their measure of the average difference in species diversity between two habitats, they assigned equal weights to the respective habitats, taking into account only the relative frequencies of the species from the two habitats. More often than not, however, the habitats could be very different in other respects, and some additional factors, like area or elevation, for instance, may also have to be taken into account even when the habitats are located in the same general geographic region. These factors may be given various weights, which can be taken into account when calculating the alpha, beta, and gamma species diversities. If there are two habitats Adler [25] analyzed the birdspecies diversity on 14 different tropical archipelagoes and isolated islands in the Indian Ocean. The 139 species of resident birds, belonging to 33 families, found on these islands were grouped into three main categories: Continental, Indian Ocean (species found only on Indian Ocean islands, in general), and Endemic (species found only on a single Indian Ocean archipelago or island). Table 1 contains the initial data set consisting of: the absolute frequencies of the Continental species (Cont), Indian Ocean species (IndOc), and Endemic species (End), the area (in 2 km ), and the elevation (highest peak in m), for seven archipelago / island habitats from the Indian Ocean, as given by Adler [25] . The seven archipelagoes or isolated islands (equivalent to seven distinct habitats for the purposes of this study) are: 1 h : Christmas Island; 2 h : Rodriguez; 3 h : Mauritius; 4 h : Reunion; 5 h : Seychelles; 6 h : Aldabra Islands; 7 h : Comoro Islands. Our objective here is to calculate the numerical values of the alpha, gamma, and beta diversities, using the quadratic index RGS , when the weights assigned to the archipelagoes / islands are equal, or are the relative areas or the relative elevations of the respective archipelagoes / islands. the RGS index of habitat j h . We can see that Mauritius has a greater bird species diversity ( RGS = 1.813776) than the other archipelagoes or islands considered here, followed by Reunion ( RGS = 1.777779) and Seychelles ( RGS = 1.578948). The lowest bird species diversity by far is on Rodriguez ( RGS = 0.284024). These values have to be compared with the maximum value of RGS , which in this application is 2 = 1 3 = 1   n . Dealing with seven habitats, we calculate the alpha, gamma, and beta diversities according to the formulas:
where the weights are: Generally, for islands or habitat islands found in a similar geographic region, species diversity tends to be greater on the island or habitat island with a larger area or a higher elevation. The above numerical results obtained by using RGS as the main mathematical tool, show that by taking the area and elevation into account, in this order, the alpha and gamma species diversities increase whereas the beta species diversity decreases compared to what happens when we calculate the mean within-habitat and between-habitat species diversity ignoring such factors. Calculating the alpha, beta, and gamma species diversities by using the relative areas and the relative elevation as weights, we compensate for the lack of homogeneity of the habitats with respect to such essential factors which influence species diversity.
CONCLUSIONS
The Gini-Simpson index for species diversity is very popular with many ecologists. Recently, however, Jost [18, 19, 24] showed that this index does not behave well when the number of species is large and is not suitable for use in the computation of the between-habitat species diversity, also called the beta diversity. As a result, Jost pleaded in favour of abandoning the Gini-Simpson index and replacing the additive partitioning of species diversity, prefered by many ecologists, with the multiplicative partitioning. The objective of this paper is to show that the additive partitioning of species diversity may be preserved but the classic Gini-Simpson index of diversity should be replaced by the Rich-Gini-Simpson index, abbreviated as RGS , which behaves well when the number of species is large, while keeping the useful basic properties of the classic Gini-Simpson index unchanged. The properties of the RGS index and its use in the additive partitioning of the species diversity are analyzed. RGS is also applied to data on the avifaunal diversity on several tropical Indian Ocean islands (using some of the numerical data obtained by Adler [25] ). The application shows that by using the RGS index as a mathematical tool and introducing weights directly proportional with the areas or elevation of the habitats (in this order), the within-habitat species diversity and the total species diversity increase while the betweenhabitat species diversity decreases compared to what happens when we calculate the mean within-habitat and between-habitat species diversities ignoring such important factors.
